Cas9 has made a wide range of genome engineering applications possible. However, its specificity continues to be a challenge. Non-canonical gRNAs and new engineered variants of Cas9 have been developed to improve specificity but at the cost of the on-target activity. DNA unwinding is the primary checkpoint before cleavage by Cas9 and was shown to be made more sensitive to sequence mismatches by specificity-enhancing mutations in Cas9. Here we performed single-molecule FRET-based DNA unwinding experiments using various combinations of non-canonical gRNAs and different Cas9s. All engineered Cas9s were less promiscuous than wild type when canonical gRNA was used but HypaCas9 had much-reduced on-target unwinding. Cas9-HF1 and eCas9 showed the best balance between low promiscuity and high on-target activity with canonical gRNA. When extended gRNAs with one or two guanines added were used, Sniper1-Cas9 showed the lowest promiscuity while maintaining high on-target activity. Truncated gRNA generally reduced unwinding and adding a non-matching guanine to the 5' end of gRNA influenced unwinding in a sequence-context dependent manner. Our results are consistent with cell-based cleavage data and provide a mechanistic understanding of how various Cas9/gRNA combinations perform in genome engineering.
INTRODUCTION
CRISPR enzymes complexed with programmable guide-RNA (gRNA) can target complementary sequences in DNA or RNA, and their applications have revolutionized biology 1, 2 . One of the most widely used CRISPR enzymes is Cas9 (SpCas9 from Streptococcus pyogenes) which in complex with a gRNA (Cas9-RNA) binds 20 base-pair (bp) long complementary DNA sequences (protospacer) that follow a motif called the protospacer adjacent motif (PAM; 5'-NGG-3' for SpCas9) to form Cas9-RNA-DNA 3, 4 . This binding involves unwinding of the protospacer and concomitant hybridization between gRNA and protospacer target strand (gRNA-DNA base-pairing) [3] [4] [5] [6] [7] [8] . Following binding, Cas9-RNA activates its two nuclease domains (HNH for target strand and RuvC for non-target strand) and cleaves the DNA, producing a double-strand break [3] [4] [5] [6] [7] [8] [9] . Several Cas9 variants have been engineered (Engineered Cas9; EngCas9) to improve cleavage specificity [10] [11] [12] [13] [14] [15] [16] [17] . Stable binding by Cas9s requires as few as 9-10 bp between the PAM-proximal end of the protospacer and the gRNA, but cle avage re quire s more bps (~16 for WT Cas9 and ~17-18 for EngCas9s) 5, 7, 18 . We previously showed, using a single molecule FRET unwinding assay, (Fig. 1a) that the DNA in Cas9-RNA-DNA undergoes internal unwinding-rewinding dynamics and the unwound state is a critical checkpoint required for cleavage. The intrinsic rate of cleavage (kc, int) has been used to refer to the rate of cleavage from the unwound state 15, 18 . The PAM-distal mismatches reduce the lifetime and extent of the unwound state, thereby delaying or preventing cleavage 18 . EngCas9s; eCas9 10 , and Cas9-HF1 19 , have higher cleavage specificity in part because their mutations make it difficult to unwind DNA when the sequence match is not perfect 18 . These variants also lower kc, int thereby making it less likely that cleavage can occur from transiently unwound states 18 . Another strategy shown to improve specificity in genome engineering is the use of truncated 20 and extended gRNAs 21, 22 , collectively referred to as non-canonical gRNAs. However, the mechanisms underlying their specificity enhancements are not well understood.
Here we have employed a smFRET assay to investigate the effects of non-canonical gRNAs [20] [21] [22] and two newer EngCas9s, Hyper Accurate Cas9 12 (HypaCas9; N692A/M694A/Q695A/H698A mutations) and SniperCas9 15 (F539S/K890N/M763I mutations), on DNA unwinding (Supplementary Fig. 1 ). Because cellbased cleavage data are already available for most of these combinations of EngCas9s and non-canonical gRNAs 15 , we were able to compare on-target activities and specificity in unwinding to those of cleavage.
Results
We previously developed a smFRET assay to investigate DNA unwinding in the PAM-distal region of the protospacer 23, 24 . The DNA target molecules, with donor and an acceptor labels on the target and nontarget strand, respectively, separated by 9 bp, were immobilized on a polymer-passivated quartz slide through biotin-neutravidin interaction. Without Cas9-gRNA, the FRET efficiency value (E) is ~0.75. Upon addition of Cas9-gRNA and subsequent DNA binding and unwinding, the distance between donor and acceptor increases, lowering E values ( Fig. 1a and Supplementary Fig. 2 ). We used catalytically inactive versions for Cas9 (referred to as dCas9s) to avoid potential complications arising from DNA cleavage and will omit the prefix 'd' here. DNA targets are denoted by their number of PAM-distal mismatches relative to the gRNA (nPD). For example, nPD is 2 for DNA with the 19 th and 20 th base pairs (counting from PAM) mismatched relative to the gRNA. We showed previously that for WT Cas9, the E value for cognate DNA (nPD=0) is reduced from 0.75 to 0.3 due to Cas9-induced unwinding 18 and that as more PAM-distal mismatches are introduced, i.e. with increasing nPD, the low FRET unwound state is progressively converted to high FRET rewound state 18 where about 9 PAM-proximal bps are unwound 25 . Further, we
showed that the relative fraction of the unwound state, funwound, generally decreases with increasing nPD, correlating with a decrease in the apparent cleavage rate, indicating that the unwound state is an obligatory intermediate for cleavage 18 . funwound vs. nPD curves showed more rapid drops for eCas9 and Cas9-HF1 compared to WT Cas9 (Fig. 1b) , and such enhanced sensitivity to PAM-distal mismatches contribute to their improved cleavage specificity 18 .
HypaCas9 and SniperCas9 with canonical gRNA
First, we performed smFRET-based unwinding experiments on HypaCas9 and SniperCas9 with canonical gRNA. HypaCas9 and SinperCas9 also show the unwound and rewound states, with rewinding favored with increasing nPD (Fig. 1b-c) . The two states interconverted within single molecules (Fig. 1b) .
Interestingly, HypaCas9 and SniperCas9 had weaker nPD dependence of funwound compared to eCas9 and Cas9-HF1 (but stronger dependence than WT Cas9), suggesting that their unwinding activities are more promiscuous compared to eCas9 or Cas9-HF1 (Fig. 1b-c) .
For quantitative comparison of unwinding promiscuity across different variants of Cas9 and gRNA, we defined unwinding promiscuity as ∑
. In this definition, if funwound does not decrease rapidly with increasing nPD, unwinding promiscuity is high with the penalty being higher for higher nPD. variants with canonical gRNA. All engineered Cas9s display much-reduced unwinding promiscuity compared to WT Cas9 and their on-target unwinding activities are not impaired except for HypaCas9, which showed a lower on-target unwinding activity (Fig. 1d) .
We also defined a single figure of merit, S, as funwound (0) / [unwinding promiscuity]. Ideally, what is needed is a system with high on-target activity and low promiscuity resulting in a high S value. S was, in increasing order, 0.23 for WT Cas9, 0.50 for HypaCas9, 0.53 for SniperCas9, 0.66 for Cas9-HF1 and 0.71 for eCas9 (Fig. 1e) . S is low for WT Cas9 due to its high promiscuity. EngCas9s have higher S than WT Cas9, mainly because of reduced unwinding promiscuity. HypaCas9 has lower S than other EngCas9s due to its reduced on-target unwinding activity. In contrast, SniperCas9 has higher on-target unwinding activity but is more promiscuous compared to other engineered Cas9s.
Extended gRNA
Next, we examined whether a system with higher S may be created by further altering the on-target/offtarget activities of Cas9 variants through the use of non-canonical gRNAs. The canonical gRNA has 20 nucleotides (nt) (referred to here as X20) that are complementary to the protospacer. It has been shown that adding extra nucleotides at the 5' end of canonical gRNA (X20) alters Cas9's activity 21, 22 . We wondered if Cas9 variants might have higher S value with the extended gRNAs. Therefore, we performed smFRET unwinding experiments on all five Cas9 variants with two extended gRNAs, referred to here as gX20 and ggX20, where g and gg represent extra non-hybridizing guanines on the 5' end ( Fig. 2a and Supplementary   Fig. 3a) . Because 5' g or 5' gg sequence can make U6/T7 transcription more efficient 26 , if gX20 or ggX20
does not reduce S, it would expand the repertoire of sequences that can be targeted for genome engineering.
The unwound and rewound FRET states were also observed with gX20 and ggX20 ( Fig. 2b-c) , and funwound with different DNA targets were determined ( Fig. 2d-e ). SniperCas9 with gX20 had a much larger decrease in funwound with a single mismatch (nPD=1) than X20, and gX20 did not reduce on-target funwound ( Fig. 2d and Fig. 3a-b) . This result suggests that for SniperCas9, gX20 improves unwinding specificity while retaining the on-target unwinding activity of X20. Indeed, S values for SniperCas9 with gX20 and ggX20 were among the highest of all Cas9 and gRNA combinations tested, including those of canonical gRNAs (Fig. 3c) . WT Cas9 also showed higher S values with the extended guide RNAs (Fig. 3c) . In contrast, S was lower with extended gRNAs for eCas9, Cas9-HF1, and HypaCas9 (Fig. 3c) . Therefore, SniperCas9 appears to be the best candidate for expanding the repertoire of sequences that can be targeted for genome engineering when a transcribed gRNA is used.
We also found E values of the unwound state increased with gX20 and increased further with ggX20 ( Fig.   3d ), suggesting that the extra guanines decrease the number of bp unwound. Finally, we note that, with gX20, Cas9-HF1 and HypaCas9 showed higher unwinding than eCas9 for most DNA targets (Fig. 2d) .
Truncated gRNA
It has been shown that the truncation of gRNAs at the 5' end (PAM-distal side) by 2/3 nt, referred to here as X18/X17 respectively, also alters Cas9's activity ( Fig. 4a and Supplementary Fig. 3b ) 20 . Therefore, we performed smFRET unwinding experiments using all five Cas9 variants with truncated gRNAs.
We observed both the unwound and rewound FRET states with X18 gRNA (Supplementary Figure 4-5a) .
funwound decreased significantly when X18/X17 replaced X20 (Fig. 4b ). This decrease is expected because without full base pairing between gRNA and the target DNA strand, the unwound state would be more difficult to sustain. Adding an unmatched guanine to the 5' end of X18 (referred to here as gX18) increased funwound suggesting that the extra nucleotides affect unwinding even though it does not base pair with the target strand ( Figure 5) . Overall, the data suggest that unwinding depends on extra 5' nucleotides added to X18 and also mildly on the DNA sequences of PAM-distal region.
Because truncated gRNAs cannot base pair with the full 20 nt of the protospacer, unwinding promiscuity
or S values cannot be defined.
As was the case with an extended gRNA gX20, Cas9-HF1 and HypaCas9 consistently showed higher unwinding than eCas9 also with gX18 ( Fig. 4c-d) . This difference in unwinding activity between Cas9-HF1/HypaCas9 and eCas9 with gX20 and gX18 is remarkable because no such difference was observed amongst EngCas9s with a canonical gRNA (Fig. 1c, Fig. 2b, Fig. 2d and Fig. 4c-d ).
Discussion
HypaCas9 mutations were rationally engineered into the Cas9's REC3 domain which recognizes the unwound state and transmits the signal to HNH for nuclease activation 8, 12, 18 . The reduced unwinding of the cognate DNA target for HypaCas9 suggests that contacts between the target strand and the polar residues of REC3, mutated in HypaCas9, stabilize the unwound state. Despite a more rational approach behind the design of HypaCas9 12 , its on/off target ratio in cellular cleavage efficiency is not notably different from eCas9/Cas9-HF1 15 , potentially due to its low on-target unwinding activity we observed here.
Structures of Cas9-gRNA-DNA with X20 show that the 5' end of the gRNA makes direct contacts with the RuvC domain of Cas9 27 26 (Supplementary Figure 6a) , effectively capping the 5' end of the gRNA.
Therefore, accommodation of extensions on the 5' end of the gRNA is likely to cause distortion of the rRNA-DNA, and thus the destabilization of the unwound state, as seen in the structure of Cas9-gRNA-DNA with ggX20 ( Supplementary Fig. 6a ) 28 . Our observation that E values of the unwound state increase with gRNA extension is consistent with such structural distortion.
A previous study used smFRET analysis of doubly labeled WT Cas9 to monitor the movement of HNH domain between inactive and active states, and showed that the fraction of HNH activated state, fHNH, decreases with increasing nPD and with gRNA truncation to 17 nt (X17) 29 , paralleling our observation of funwound decrease with increasing nPD and gRNA truncation. For WTCas9 with X20, fHNH is 78-100% of funwound for all DNA targets indicating that most unwound states lead to HNH activation with canonical gRNA 29 .
fHNH with X17 was 45% of funwound with X17 29 , indicating more than half of unwound states do not generate HNH activation with X17. Because REC3 senses DNA unwinding and concomitant formation of RNA-DNA hybrid via its interactions with both target strand and gRNA 27, 30 , gRNA truncation may make it difficult for REC3 to recognize the RNA-DNA hybrid and transmit DNA unwinding towards downstream HNH activation. EngCas9s generally showed reduction in unwinding, HNH activation, and intrinsic rate of cleavage from unwound state 12, 31 . Their combination with truncated gRNA diminishes their unwinding further ( Fig. 4b-c and Supplementary Fig. 4 ), in part accounting for EngCas9s' low on-target cleavage activities with truncated gRNA in cells, except SniperCas9 which retained some activity 11, 15 .
The unmatched guanine(s) of gX18/gX20/ggX20 may form interactions with the DNA target, as observed in the structure of Cas9-ggX20-DNA 32 ( Supplementary Fig. 6b ). Such interactions may potentially influence unwinding activity in a manner dependent on PAM-distal DNA sequence as we observed with gX18. In the Cas9-ggX20-DNA structure, the RNA-DNA hybrid is repositioned relative to the Cas9 residues that it interacts with when the canonical gRNA is used ( Supplementary Fig. 6b-c) . Because Cas9-HF1 and HypaCas9 reduce unwinding through mutations to these residues, we speculate that repositioning of the hybrid induced by the extra guanine(s) partially relieves DNA unwinding defects of Cas9-HF1/HypaCas9
mutations. This partial relief leads to significant increases in Cas9-HF1/HypaCas9's unwinding compared to eCas9, whose mutations affect non-target strand and not the RNA-DNA hybrid.
In some cases, WT Cas9 combined with non-canonical gRNA may improve specificity while maintaining high on-target activity. In addition, certain EngCas9s may perform the best when coupled with noncanonical gRNA. For example, SniperCas9 is the only EngCas9 with significant cleavage activity in cells with both the extended and truncated gRNA 15 . Although SniperCas9 is the most promiscuous in unwinding among all EngCas9s when the canonical gRNA is used (Fig. 1b-e) , it showed the largest discrimination against a PAM-distal single base pair mismatch amongst all Cas9 and gRNA combinations tested when combined with gX20. This result potentially explains why the SniperCas9/gX20 combination produced the largest on-target/off-target cleavage activity in cells 15 .
The types of non-canonical gRNA are also continually expanding, including gRNA with DNA nucleotides Unwinding specificity (Sunwinding) for different Cas9s. Error bars represent standard deviation (s.d.) from n=2. Data for dCas9, deCas9, and dCas9-HF1 is taken from a previous study 31 . whereas each column represents a particular DNA target and gRNA combination. The PAM-distal sequences of such gRNA and DNA combination are shown below for each column. All these DNA targets present the same number of 18 matching sequences to the gRNAs but differ in the sequence only beyond these 18 matching sequences at the PAM-distal site. Such differing nucleotides are marked in black. Data for dCas9, deCas9, and dCas9-HF1 with X20 is taken from a previous study 31 .
ONLINE METHODS
Preparation of DNA targets. The schematic of the DNA target used in the smFRET assay to investigate Cas9-RNA induced DNA unwinding is shown in Supplementary Figure 2 The cells were grown in TB (Terrific Broth) or 2YT medium (higher expression obtained for TB) at 37 °C for a few hours and the cell density was continuously monitored by measuring the optical density of the media at 600 nm (OD600). Cas9 expression was induced when the OD600 reached 0.6 with 0.5 mM IPTG, and the temperature was lowered to 18 °C. The cells were induced for 12-16 hours. Following which, the media containing cells were centrifuged to harvest the cells. The supernatant media, devoid of cells, was discarded. The harvested cells were then collected and lysed in the buffered solution containing 50 mM Tris pH 7.5, 500 mM NaCl, 5% glycerol, 1 mM TCEP, protease inhibitor cocktail (Roche) and with/without Lysozyme (Sigma Aldrich). Fisher Model 500 Sonic Dismembrator (Thermo Fisher Scientific) was used to homogenize the lysed cells by operating it at 30% amplitude in 3 one-minute cycles, each consisting of series of 2 s sonicate-2 s repetitions, or the lysed cells were homogenized in a microfluidizer (Avestin).
The solution was subjected to ultra-centrifugation at 15,000 g for 30-45 minutes to remove the cellular debris from the lysed and homogenized solution. Following which, the supernatant of lysate was collected, and cellular debris was discarded.
The supernatant was added to Ni-NTA agarose resin (Qiagen), and His10-MBP-TEV-Cas9 was allowed to bind Ni-NTA. The Ni-NTA bound with His10-MBP-TEV-Cas9 was then washed extensively with 50 mM Tris pH 7.5, 500 mM NaCl, 10 mM imidazole, 5% glycerol, 1 mM TCEP. The His10-MBP-TEV-Cas9 bound to Ni-NTA was then eluted in a single-step with the elution buffer of 50 mM Tris pH 7.5, 500 mM NaCl, 300 mM imidazole, 5% glycerol, 1 mM TCEP. For buffer exchange and to remove imidazole from the eluted solution containing Cas9, the eluted solution was dialyzed into 20 mM Tris-Cl pH 7.5, 125 mM KCl, . All the purification steps described in this section were performed at 4 °C, and the purified Cas9 was stored at -80 °C for long-term storage.
The SniperCas9 was also expressed and purified from E. coli. The DNA sequence encoding SniperCas9 along with an NLS, HA epitope and His-tag at the N-terminus was cloned into pET28-b(+) vector. Using this ve ctor, the recombinant protein was then e xpresse d in E. coli, and first purified from the harvested cell lysate using Ni-NTA agarose beads (Qiagen). For buffer exchange, this purified protein was then dialyzed against 20 mM HEPES pH 7.5, 150 mM KCl, 1 mM DTT, and 10% glycerol. The Ultracel 100 K cellulose column (Millipore) was then used to concentrate the purified/dialyzed SniperCas9. The SDS-PAGE was used to analyze the concentration and purity of the final SniperCas9 protein.
Preparation of gRNA and Cas9-gRNA. The canonical gRNA of Cas9 consists of CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA) (Supplementary Figure 2) where the gRNA sequence hybridizing with the target strand of DNA target is 20 bp long 3, 4 . All gRNAs were prepared by mixing crRNA and tracrRNA in 1:1.2 ratio in 10 mM Tris HCl (pH 8) and 50 mM NaCl. This mixture was then placed in a heating block pre-heated to 90 °C for 2 minutes. Following which, the mixture was allowed to cool to room temperature over a few hours for efficient hybridization between crRNA and tracrRNA. The non-canonical gRNA, i.e., truncated and extended gRNA was created by using the truncated and extended crRNA, respectively with the same tracrRNA (Supplementary Figure 3) . Both the crRNA and tracrRNA were in-vitro transcribed as described previously and were purified to remove rNTPS using the commercial kits (Zymo Research). The in-vitro transcription produces RNA with 1-3 nt truncations and elongations at the 3' end. Such likely truncations and elongations did not affect our experiments as the 3' end of RNA have no role in Cas9-RNA activity, which was also confirmed by the control unwinding experiments using gel-purified fixed length
RNAs which produced the same results as the kit-purified RNAs.Cas9-RNA was prepared by mixing the gRNA and Cas9 at a ratio of 1:3 in Cas9-RNA activity buffer of 20 mM Tris HCl (pH 8), 100 mM KCl, 5 mM MgCl2, 5% v/v glycerol. The full sequences of all the gRNA used in this study are available in Supplementary 24 .
E histograms and analysis of Cas9-RNA induced DNA unwinding and rewinding. For every single molecule, the first five data points of its E time-traces were used as data points to construct E histograms. 
